Protein Tyrosine Phosphatase 1B (PTP1B) has been shown to be a negative regulator of insulin signaling by dephosphorylating key tyrosine residues within the regulatory domain of the β-subunit of the insulin receptor. Recent gene knockout studies in mice have shown the mice to have increased insulin sensitivity and improved glucose tolerance. Furthermore, these mice also exhibited a resistance to diet induced obesity. Inhibitors of PTP1B would have the potential of enhancing insulin action by prolonging the phosphorylated state of the insulin receptor. In addition, recent clinical studies have shown that the haplotype ACTTCAG0 of the PTPN1 gene, which encodes PTP1B, is a major risk contributor to type 2 diabetes mellitus (T2DM). Thus, there is compelling evidence that small molecule inhibitors of PTP1B may be effective in treating insulin resistance at an early stage, thereby leading to a prevention strategy for T2DM and obesity.
Introduction
Protein Tyrosine Phosphatase 1B (PTP1B) has recently been receiving considerable attention not only in the studies of pathophysiology of insulin resistance in diabetes mellitus, but also as a drug target for the management of insulin resistant states such as obesity and type 2 diabetes mellitus (T2DM) (1). PTP1B is encoded by the PTPN1 gene which is located in 20q13; this genomic region has been linked to T2DM in multiple genetic studies. A recent study aimed at investigating the association of PTPN1 gene polymorphisms with measures of glucose homeostasis was undertaken in 811 Hispanic American subjects (2). The results of eight SNP haplotype analyses demonstrated a variable correlation with Si (insulin sensitivity) and fasting plasma glucose, respectively. The haplotype ACTTCAG0 was significantly associated with lower Si (i.e., greater insulin resistance) and high fasting glucose, and the haplotype CTCCTGT0 was significantly associated with higher Si (greater insulin sensitivity) and lower fasting glucose. Most significantly, the haplotypes ACTTCAG0 and CTCCTGT0, in another study, have independently been shown to be associated with T2DM risk and protection respec-tively (3). Indeed in this latter study wherein pooled data analyses involving 300 unrelated Caucasian T2DM patients with end-stage renal disease (ESRD) and randomly ascertained Caucasian control subjects without known diabetes, along with similar data from 275 T2DM subjects from Diabetes Heart Study (DHS), showed that the haplotype ACTTCAG0 was a major risk contributor for T2DM indicating population-attributable risk (PAR) of 17-20%, based on different models and assumptions. These recent clinical studies lend considerable credence to the earlier experimental studies wherein mice lacking the PTP1B gene exhibited increased insulin sensitivity and improved glucose tolerance. In addition PTP1B deficient mice were also found to be resistant to diet induced obesity (4, 5). As PTP1B has been shown to be a negative regulator of insulin signaling by dephosphorylating key tyrosine residues within the regulatory domain of the β-subunit of insulin receptor (6), inhibitors of PTP1B would have the potential of prolonging the phosphorylated state of the insulin receptor and, hence, enhancing the downstream metabolic events in the expression of biological effects of insulin. The above evidence also strongly suggests that selective, small molecule inhibitors of PTP1B may be effective in treating insulin resistance at an early stage thereby leading to a preventive strategy for T2DM, and obesity. Several PTP1B inhibitors have been developed to date using a structure-based design approach (7, 8) . Amongst these, one of the most active compounds is (Fig.  1) . The crystal structure of PTP1B with the inhibitors (Figs. 2 and 3) reveals that in addition to the phosphotyrosine binding site (catalytic site) (residues Cys215-Arg221) there is a second binding site (Site 2) (Arg24 and Arg254). Inhibitors that bind to both the sites are found to be highly potent with activities in the nanomolar range. Recently, a third binding site (Site 3) (residues Tyr46-Asp48) was also found to contribute to the potency and selectivity of inhibitors (9).
All the inhibitors that have been developed so far are either non-peptidic or peptidomimetic in nature. Our aim in this work is to design a small peptide inhibitor, which has interactions with all the three binding sites, has potency comparable with that of the known inhibitors and is selective for PTP1B as compared to the closely related PTP's, such as TCPTP, PTP-LAR, and Calcineurin, a potent serine/threonine phosphatase.
Materials and Methods
The starting point for the modeling studies was the crystal structure of the complex of PTP1B with a diaryloxaminic acid based inhibitor, compound 23 (8) (PDB 1D 1NNY) (10). We chose this complex for two reasons. Firstly, the inhibitor is amongst the most potent known to date (K d = 22nM) and secondly, the WPD loop of PTP1B (Trp179-Ser187) has an open conformation similar to that of the unoccupied enzyme.
Molecular modeling studies were performed using SYBYL 6.81 (Tripos Inc.) running on a Silicon Graphics O2 Workstation, and version 3.0 of AutoDock (11).
Ligand Setup
Using the SEARCH PROTEIN DATABASE facility in the BIOPOLYMER module of SYBYL6.81, a peptide of the desired sequence was searched for. The resulting fragments were superimposed, and a conformation from the largest cluster was selected. The selected peptide was modeled with a protonated amino group and a deprotonated carboxyl group. Gasteiger-Marsili charges were assigned to the atoms, and a conformational search was carried out using a simulated annealing molecular dynamics protocol. The ligand was heated to a temperature of 700K and then annealed to 200K. Fifty such cycles were carried out. The conformation obtained at the end of each cycle was further subjected to local energy minimization using the Powell method available in the MAXIMIN2 procedure of SYBYL6.81 until the r.m.s. gradient was less than 0.05 kcal/mol/Å 2 . The 50 energy-minimized structures were then superimposed and the conformation occurring in the major cluster was taken to be the most probable conformation.
Docking
Docking of PTP1B with the ligands was carried out with version 3.0 of the program AutoDock (11). This program combines a rapid energy evaluation through precalculated grids of affinity potentials with a variety of search algorithms to find suitable binding positions for a ligand on a given protein. The program allows torsional flexibility in the ligand but the protein is kept rigid. The energy function is reported to have a residual standard error of about 2 kcal/mole, corresponding to a factor of about 30 in relative affinity (K d1 /K d2 ).
A standard protocol with an initial population of 50 randomly placed individuals, a maximum of 1.5 × 10 6 energy evaluations, a mutation rate of 0.02, a crossover rate of 0.80, and the elitism value of 1 were applied (12). Proportional selection was used, where the average of the worst energy was calculated over a window of the previous 10 generations. For the local search, the so-called pseudo-Solis and Wets algorithm was applied using a maximum of 300 iterations per local search. The probability of performing local search on an individual in the population was 0.6, and the maximum number of consecutive successes or failures before doubling or halving the local search step size was 4. Fifty independent docking runs were carried out for each ligand. Results differing by less than 1.5 Å in positional rootmean-square deviation (rmsd) were clustered together and represented by the result with the most favorable free energy of binding.
With the ligands kept fixed in their bound conformation as determined by the AutoDock computations, the docked complex was further refined in SYBYL 6.81 in order to relax the restriction of keeping the protein fixed. The SYBYL docking energy is the energy of interaction between the ligand and the enzyme within a box surrounding the ligand. The Tripos force field with Kollman united atom charges for the protein, Gasteiger-Marsili charges for the ligand, and a distance-dependent dielectric constant was used for calculating the docking energy. The refinement was done by first optimizing the hydrogen positions and then minimizing the docking energy with the help of the MINIMIZE_DOCK procedure, with the side chains of the protein kept flexible, until the r.m.s. gradient was less than 0.1 kcal/mol/ Å 2 .
Molecular Dynamics
In order to check whether the designed inhibitor remains bound in the presence of explicit solvent, a molecular dynamics simulation using the ADVANCED COMPUTATION module of SYBYL6.81 was carried out on a fully hydrated, three-layer water model that fully enclosed the final docked complex.
The dynamics protocol was similar to that used by Glover and Tracey (23) to study the inhibition of PTP1B by sulfotyrosine peptides. The first step was the energy minimization of the hydrated model during which the backbone of the enzyme and the ligand and the water molecules in the outer layer were kept fixed (to prevent evaporation of water during the simulation), until the r.m.s. gradient was less than 0.1 kcal.mol/Å 2 .
The minimized, hydrated complex was then subjected to a molecular dynamics simulation in three stages. In all the stages the SHAKE algorithm was applied to all bonds connected to hydrogen atoms and a time step of 2 fs was used. The backbone of the enzyme and the outer layer of water molecules were kept fixed. In the first stage the temperature of the system was raised from 0 to 300 K over 15 ps of simulation time. Next, the system was equilibrated over 20 ps, and finally the production run was carried out over another 100 ps.
Results and Discussion

Modeling of the Complex of PTP1B with a Known Diaryloxaminic Acid Based Inhibitor [Compound 23 (8)]
The AutoDock 3.0 methodology was first tested on a known inhibitor, which was docked in the region encompassing the three binding sites of PTP1B, after extracting the ligand from the crystal structure. Figure 4 shows the superimposition of the docked structure (in blue) over the crystal structure (in red). It can be seen that the two structures overlap very well with a positional root mean square deviation (rmsd) of 2.4Å.
The activity (K d value) as predicted by AutoDock 3.0 was found to be 21nM which agrees well with observed K d value of 22nM. Thus the AutoDock 3.0 methodology gives results that are consistent with the observations.
Design of the Peptide Inhibitor and Modeling of the PTP1B Inhibitor Complex
On the basis of crystallographic, kinetic, and peptide binding studies involving phosphotyrosine (pTyr) -containing peptides, it was found that D/E-pY-pY-K/R is a consensus substrate sequence for PTP1B (13). This peptide sequence contains both negatively and positively charged residues. In addition, almost all of the known, potent inhibitors contain aromatic rings. We, therefore, designed several tetrapeptide sequences containing an aromatic residue and Lys, a Pro residue for constraining the conformation and a charged/uncharged residue at the C-terminal end. Each of these tetrapeptides was docked after a conformational energy search as described in the methods and the most suitable one (in terms of the docking energy and the interactions) was found to have the following sequence.
NH 3 + -WKPD-COO -
The final docked position of the designed inhibitor is shown in Figure 5 , and the list of contacting residues (up to 4Å) is given in Table I 
Y46
Wat binding site 3, and has hydrophobic interactions (up to 4 Å) with Arg24 in the binding site 2. In addition, there is hydrogen bonding with Lys116. The ligand also has hydrophobic interactions with several other residues in the binding sites (colored blue in Fig. 5 ). A comparison with the list of contacts of compound 23 (see Table I ) shows a similar binding region for the designed ligand. The AutoDock 3.0 results gave a frequency of the largest cluster (which was also the top ranked cluster) of 20/50, with a free energy of binding ΔG = -12.26 kcal/mole and a corresponding K d value of 1.03nM. Thus the designed peptide has potency comparable with that of the most potent known inhibitors.
Molecular Dynamics Simulation of a Fully Hydrated Model of the Final Docked Complex
The effect of solvent on the binding of the designed peptide inhibitor was studied by a molecular dynamics simulation of a fully hydrated model as described in the methods. During the production phase of 100 ps following the initial heating and equilibration phases, the total energy and the simulation temperature were found to remain steady with little fluctuation. The snapshots of the dynamics trajectory at 0, 25, 50, 75, and 100 ps of the production run are shown in Figure 6 , while the corresponding interaction energies and sets are given in Table II . It can be seen that the positions of the N-and C-termini and of K2 and P3 remain stable and restrained by the enzyme over the course of the dynamics simulation. The N-terminus and K2, which were initially hydrogen-bonded to D48 of the enzyme (Fig. 5) continue to form hydrogen bonds with D48 throughout the simulation. This is also the case with the C-terminus which remains hydrogenbonded to Y46. The backbone of the ligand, which was allowed to vary in the simulation, is also seen to remain fairly stable with hydrogen-bonding to residues S216 and A217 being retained throughout.
Fluctuations during the dynamics run are observed in residues W1 and D4 of the ligand. W1, which initially has van der Waals contacts with R24 of the enzyme, is seen to fluctuate towards a fluctuating M258, resulting in the formation of a hydrogen bond. An even more dramatic effect is observed with the fluctuating ligand residue D4, which is initially hydrogen-bonded to R221 of the enzyme (Fig. 5) . It can be seen that D4 and R221 mutually move away from each other, while D4 and K116 move towards each other resulting in the formation of a salt bridge between D4 and K116. The fluctuations result in a more stable position of the ligand in the enzyme binding site, with a significant lowering in the docked energy (Table II) .
Docking results using AutoDock 3.0 give a free energy of binding in the hydrated system of DG = -14.55 kcal/mole, with a corresponding K d value of 0.002 nm, which is significantly lower than that obtained without the explicit solvent (DG = -12.26; K d = 1.03 nm). Also, the peptide inhibitor is found to bind in almost the same position in both the presence and the absence of the explicit solvent with a backbone r.m.s. deviation of 0.4 Å.
Thus, we have shown that the docked structure and the strong binding are retained in the presence of explicit solvent.
Selectivity Against Other Closely Related PTPases
The designed ligand was docked with T-Cell Protein Tyrosine Phosphatase (TCPTP) (PDB ID 1L8K) (14,18), PTP of LAR (PDB ID 1LAR) (15), and 382 Subba Rao et al.
Calcineurin (PDB ID 1MF8) (16). The AutoDock 3.0 results are shown in Table  III . It can be seen that the designed peptide is 800-fold selective over TCPTP (K d = 0.83 μM). This is much higher than the best selectivity of 10-fold achieved so far with the existing inhibitors (17). The designed peptide is also seen to have high selectivity over LAR and Calcineurin (Table III) .
Conclusion
Using an in silico structure-based approach, we have designed a small peptide inhibitor of PTP1B. Docking studies show that the designed peptide has potency comparable to that of the known non-peptidic and peptidomimetic inhibitors. Dynamics simulations on a fully hydrated model show that the potency and strong binding are retained even in the presence of explicit solvent. Docking calculations with closely related TCPTP show a very high selectivity of 800 for PTP1B, as also high selectivity over PTP-LAR and Calcineurin.
The above results suggest that the designed tetrapeptide is a potent and selective inhibitor of PTP1B, and is a suitable lead compound for the development of new drugs against PTP1B.
Although peptides are generally known to have undesirable pharmacokinetic properties, yet they have provided novel lead compounds and, in several cases, modified peptide analogs have been developed as drugs. With recent drug delivery techniques, the opportunities for peptide drug development have been significantly enhanced.
A similar approach has been used by us earlier in designing peptide inhibitors of HIV-1 integrase (21) and HIV-1 reverse transcriptase (22).
